The conceptual simplicity and the ability of cohesive finite element models to describe complex fracture phenomena makes them often the approach of choice to study dynamic fracture. These models have proven to reproduce some experimental features, but to this point, no systematic study has validated their predictive ability; the difficulty in producing a sufficiently complete experimental record, and the intensive computational requirements needed to obtain converged simulations are possible causes. Here, we present a systematic integrated numerical-experimental approach to the verification and validation (V&V) of simulations of dynamic fracture along weak planes. We describe the intertwined computational and the experimental sides of the work, present the V&V results, and extract general conclusions about this kind of integrative approach.
Introduction
In the field of brittle dynamic fracture and fragmentation, the almost entirely empirical design and optimization of structural systems in ballistic and impact applications results in a very expensive case by case approach. The inability to accurately predict dynamic fracture rules out potentially advantageous manufacturing procedures. This situation is mostly due to the phenomenal computational difficulty in describing the nucleation, propagation and branching of cracks with possibly complex topologies, and to effectively resolve the huge span of scales involved, from the sample size to the small-scale physical processes at the crack tip. A number of computational techniques have been proposed, which manage to qualitatively reproduce experimental observations. In particular, finite element implementations of cohesive-zone models have been widely used to simulate fracture processes for various materials, including polymers [26] , metallic materials [32] , ceramic materials [5] , bimaterial systems in polymer matrix composites [35] , metal matrix composites [10] , fiber reinforced plastic composites [9, 16] , concrete [29] , functionally graded materials [37] , and ferroelectrics [2] . These models have also been used to simulate fracture under static [21, 34, 14] , dynamic [35, 5, 29, 30, 11, 37] , and cyclic [36, 31, 2] loading conditions. Nevertheless, agreement between simulation and experiment is achieved only after a careful casespecific parameter fitting, and thus the present methods are devoid of real predictive ability. For instance, Hao et al. [11] recently validated simulations of intersonic crack growth along weak planes under asymmetric dynamic loading, which was experimentally identified by Rosakis et al. [28, 27] . In their simulations, due to the nature of the experiments, they had to guess the loading conditions from indirect experimental data. These experiences manifest the need for a simulation/validation-driven experimental design.
We report on recent efforts to develop an integrated experiment/simulation approach to the verification and validation of massively parallel finite element dynamic fracture simulations using cohesive elements. More specifically, we address here the case of interfacial fracture. The inspiring guidelines in this effort are (1) an integrated design of the experiments and the simulations with the premise of avoiding unnecessary challenges to the simulation while probing the essential features, (2) direct one-to-one comparison based on a set of relevant predefined metrics, (3) avoidance of case-specific parameter-fitting to test for predictive ability, (4) reduction of uncertainty levels through independent experimental parameter determination (e.g. loading conditions and cohesive law). A block diagram of the integrated approach used in this study is shown in Fig. 1 . Key aspects in carrying out this program include on the experimental side high-resolution full-field diagnostics, and well controlled and well instrumented reproducible loading. On the simulations side, the scale disparity between the required sample sizes and the small-scale fields in the vicinity of the crack tip, which must be resolved for truly mesh-insensitive results, leads to multi-million element models only accessible through massively parallel computing.
The outline of the article is as follows. In Section 2, we describe the cohesive finite element model of dynamic fracture and provide evidence of its ability to simulate complex dynamic fracture phenomena, including dynamic crack initiation, crack propagation following arbitrary paths, and hierarchical branching. The design considerations from the integrated V&V program and the resulting V&V test are presented in Section 3. Both the experimental configuration and the simulation scheme are presented and justified thoroughly. In Section 4, results of the V&V test are presented and discussed. We sum up and close in Section 5.
The cohesive finite element model for dynamic fracture
Explicit treatments of fracture surfaces in finite element approaches have gained popularity in recent years. In the most straightforward and effective approach, cohesive theories of fracture dating back to Dugdale [8] and Barenblatt [3] are introduced through cohesive elements embedded in the bulk discretization [5, 35] . This allows to decouple the bulk constitutive behavior and the fracture characteristics of the material. These cohesive elements bridge nascent surfaces of decohesion and govern their separation through an irreversible cohesive law, which encodes the microscopical physical processes near the crack tip. The parameters defining the cohesive law can be measured from experiments, and can also be derived from first principles. This conceptually simple technique has been proven to be very powerful in dealing with challenging issues, such as crack nucleation and branching, in a natural manner. It also provides a simple means of incorporating additional physics into the description of separation processes, including friction after debonding, chemistry, corrosion, closure, and hysteresis to name a salient few. Its simplicity makes it amenable to massively parallel simulations. Its main drawback is the fact that the crack path must conform to the mesh geometry (surfaces of decohesion can only appear along finite element faces), although ample experience provides quantitative recommendations on the level of mesh refinement and the type of meshes needed to avoid possible mesh-dependence issues [19, 25] . New methods pioneered by Belytschko et al. [17] , which allow for crack propagation independently of the mesh, have strongly emerged in recent times (XFEM). Although promising, nucleation and branching are still issues to be fully addressed in these approaches, despite recent efforts to use damage models in these respects for the case of quasi-static fracture [1] . On the other hand, their algorithmic complexity poses doubts on their implementation in large scale calculations.
The present implementation of finite deformation cohesive elements is due to Camacho and Ortiz [5] . As described in [23] , the model is greatly simplified by the additional assumption that the cohesive law derives from a cohesive potential that depends on a scalar effective opening displacement, which is a weighted norm of the normal and tangential components, thus differentiating between mode I and modes II and III of fracture. In addition, the initially rigid cohesive elements are adaptively inserted as needed, as indicated by the fracture criterion induced by the cohesive law, in the form of
where t n and jt S j are the normal and tangential components of the traction vector at an interface between two elements; r c is the fracture strength of the material and a is a parameter. Each cohesive element insertion introduces major topological changes in the vicinity of the two elements. These changes involve insertion of such topological entities as nodes, edges or faces, which, in turn, leads to the formation of free surfaces between some of the volume elements. Coalescence of these newly formed cracks may lead eventually to the formation of new bodies (fragmentation). For a detailed description of the parallel fracture and fragmentation algorithm see [15] .
The versatility and ability to describe complex fracture processes of cohesive finite elements have been demonstrated in numerous works [21, 35, 5, 23, 24, 29, 30, 22] . Next, we provide evidence of the ability of the above described approach to reproduce complex dynamic fracture phenomena, such as crack nucleation and branching. In the simulations reported in Fig. 2 , a square pre-notched PMMA plate is subjected to a high initial uniform tensile strain rate. A dynamic crack nucleates and propagates from the notch, and as sufficiently large energy input is provided, the crack accelerates to the point in which it becomes unstable, leading to recursive branching and eventually fragmentation. The characteristic hierarchical crack pattern is apparent in the later snapshots. The ability to qualitatively reproduce a myriad of other dynamics cracking events has also been investigated, such as the crack deflection/penetration behavior of cracks approaching inclined interfaces [33] . Nevertheless, the question remains about the real predictive ability of this kind of simulations, beyond realistic simulation results.
To address this question, we follow a validation strategy based on a divide-and-conquer scheme. Instead of attempting the validation of the ability of the model to nucleate new cracks, to propagate cracks through the specimen or to describe branching in a single experiment, we rather focus on individual fracture events, understood as unit processes. The first step, described here, focuses on the crack propagation along weak planes. Other fracture events leading to more complex crack patterns are currently being addressed and will be reported elsewhere.
Design considerations for the validation test
The previously described integrated approach is based on a unified design of the validation tests as a whole. Experiments and simulations place restrictions on each other, which must not seriously impair the feasibility and simplicity of the overall V&V test. We avoid the practice of trying to reproduce data from the literature but rather design experiments specifically targeted to the validation effort. These experiments, while probing the fundamental fracture processes, must be simple and reduce unproductive challenges to the numerical model.
The design that has emerged from this process is described and justified next. A simple specimen configuration of the crack-face loading problem [33] with a weak interface is used to perform the dynamic fracture experiments, as shown in Fig. 3 . Two Homalite-100 pieces of 229 mm · 190 mm · 9.5 mm are bonded together using a weak adhesive, Loctite-384. The corresponding material properties are summarized in Table 1 . The quasi-static fracture toughness of the Loctite-384 adhesive when used to bond Homalite-100 sheets is 0.35 MPa m 1/2 . A small notch is made to wedge load the specimen. The weak interface is implemented numerically by an interface of cohesive elements with the cohesive properties of the glue. Dynamic photoelasticity in conjunction with high-speed photography is used to capture real-time records of the crack initiation and propagation during the dynamic fracture experiment. A typical experimental record is shown in Fig. 4 . For additional experimental details, see [6] .
For the purpose of validating the fracture models, it is essential to separate the bulk constitutive behavior from the fracture response. For this reason, brittle materials are employed in the tests. Another requirement that the validation effort imposes on the material is the need for full-field diagnostics. The photo-elastic and brittle characteristics of Homalite-100 make of this material an ideal choice. Homalite-100 is a brittle polyester resin whose mechanical response is mildly rate sensitive [27] . This brittle material is modelled using hyper-elasticity (the deformations are small but the displacements and rotations can be large) and the dynamic value for Young's modulus as reported by [7] . It should be noted that, for the specific validation tests described here, the cohesive properties of Homalite-100 are irrelevant since the crack propagates along the weak plane. Furthermore, the fact that the crack path is known a priori eliminates any orientation-related mesh dependence issue. This is not the case in ongoing efforts dealing with different configurations.
For a clean validation of the fracture processes, it is important to decouple other mechanical effects such as complex wave propagation patterns. Therefore, the sample sizes must be large enough for the reflected waves from the sample boundaries not to enter the field of view during the observation time. The sample thickness allows for a twodimensional treatment without significant loss of accuracy. Indeed, as observed by [24] , the cracks propagating in thin plates do not exhibit fully three-dimensional character.
The choice of Loctite-384 as the weak plane material requires that the characteristic length l c = 1.267 mm be resolved as needed by the requirement the simulation results be independent of the details of the finite element discretization. Consequently, if one decides to treat the original problem as two-dimensional (2D), and moreover, assume the characteristic length be spanned by +5 elements, the overall number of elements in a triangular discretization of the experimental sample may easily exceed +5 millions. Furthermore, the time records needed for validation are quite long (hundreds of microseconds). As noted previously, we tackle the considerable size of these models and the large number of time steps through massively parallel computing.
One of the major factors impacting the fidelity of computer simulations is the choice and accuracy of the bound- ary conditions. Complex boundary conditions are not easily amenable to computer simulations, and may severely degrade the accuracy of computer predictions. Moreover, the translation from the experimentally available data on the loading to the actual loading on the numerical model often requires a modelling step on the loading device. Our experimental set-up and instrumentation have been designed to eliminate any uncertainties regarding the boundary conditions (c.f. Fig. 5 ). As the sample is not constrained in any way once impacted, we model the sample as traction free. The crack notch vicinity and the loading device (a modified Hopkinson bar) have been instrumented with strain gages for a direct measurement of the actual loading pulse (c.f. [6] for details). The recorded data is supplied as input to the simulation. This approach has proven very effective and allowed the boundary conditions to remain in strict agreement with their experimental counterparts.
There is a common assumption in the literature on cohesive finite element simulations of fracture that details on the cohesive law beyond two independent parameters (the cohesive energy, and either of the cohesive strength or the separation length) do not affect significantly the results. In most of the cases, the parameters are obtained from the global standard experimental measurements for a given material system [18, 4] , and then feeded into simple laws [20, 21, 5] . However, the global measurements may inaccurately represent the crack tip process zone because they involve several uncertain variables. Furthermore, we choose to avoid any pre-assumption on the shape of the cohesive law and the importance of this shape. The novelty of our integrated validation approach is the use of a cohesive law as it is obtained directly from the experiment, in an effort to reduce unnecessary uncertainties. A framework developed for the inverse analysis of the crack tip cohesive response from measurements of the crack tip fields is employed [12, 13] . This approach combines experimental, numerical and analytical methods to obtain a realistic cohesive law of the weak interface. The resulting cohesive law is shown in Fig. 6 .
The choice of metrics is at the heart of any V&V effort. These metrics should be fundamental to the underlying phenomena and be amenable to accurate experimental instrumentation. Moreover, they should be easily extractable from simulation results. Here, we employ the following validation metrics: crack-initiation time, crack-tip position and crack-tip velocity. This choice satisfies the above requirements and gives the ability of one-to-one direct comparison of the simulation results against the experimental data. In experiment, accurate crack tip positions for the propagating crack can be inferred from the real-time records of photoelastic fringes such as those shown in Fig. 4 .
Verification and validation results
The results of the above described V&V program are presented next. Verification results include (1) an analysis of convergence to grasp on the effect of under-resolution, and (2) a sensitivity analysis to investigate the effect of the shape of the cohesive law on the simulated fracture response. The validation results include the results of the direct one-to-one comparisons between experimental and numerical records of the predefined metrics.
Convergence analysis
As a result of the design considerations described in Section 3, we employ large uniform triangular finite element meshes and resort to massively parallel computing to tackle the complexity of the problem. Ample experience provides quantitative recommendations on the level of mesh refinement needed for mesh-insensitive results. Nevertheless, we analyze the convergence properties of our numerical model, for a precise quantification of the required level of resolution. Five different mesh sizes are considered. The coarser mesh has an element size of h = 5.27 mm, corresponding to a value of h/l c = 4.16, l c = 1.267 mm being Fig. 7 shows the computed position of the crack tip for the different mesh sizes. As expected, for coarse meshes, the predictions of the model depend strongly on the element size h. For values of h smaller than l c , the numerical predictions converge: the curves corresponding to h/l c = 0.54 and h/l c = 0.26 are indistinguishable. It is noteworthy that here convergence refers to the mesh size only, since the crack path is known a priori.
Sensitivity to cohesive law
As mentioned previously, there is the common knowledge in cohesive finite element models of brittle fracture that the functional shape of the cohesive law does not have a significant effect on the fracture response. Thus, the most popular and extensively used cohesive laws in the literature (e. g., [20, 21, 5] sive energy, and either of the cohesive strength or the separation length). We test here this assumption in the present configuration by comparing the model predictions obtained with two different cohesive laws: one is the experimentally obtained cohesive law; the other is a linear cohesive law with the same two relevant parameters, namely the fracture energy and the critical traction. The crack tip position computed with each of these cohesive laws is plotted in Fig. 8 as a function of time. It is apparent that the results for the present configuration do not depend on the shape of the cohesive law.
Validation results
Three different experimental realizations have been considered, denoted experiment 1, 2 and 3, with three different loading pulses. We compare experimental records and numerical predictions of the three metrics specified in Section 3, namely crack tip position history, crack tip velocity history and crack initiation time. The experimental crack tip position histories are shown in Fig. 9 , along the corresponding model predictions. The agreement between experiment and simulation is remarkable. In the three cases, the crack propagates dynamically at almost constant speed, both in experiment in simulation. Mean crack velocity histories are obtained from these curves as the slope of the linear regression fit to the data and presented in Table 2 , along with the relative error of the numerical predictions with respect to the experimental data. All three relative errors are below 6%, the lowest being 0.1% in the case of Experiment 2. Finally, it is apparent that in all three experiments, the crack starts propagating dynamically at 13 ls, exactly the same time predicted by the model within experimental resolution.
Summary and concluding remarks
Despite cohesive finite element models have demonstrated their ability to simulate complex dynamic fracture phenomena, in particular dynamic crack initiation, crack propagation following arbitrary paths, and hierarchical branching, no systematic V&V approach has been attempted to assess their fidelity. We have addressed this challenge by designing an integrated experiment/simulation approach to the verification and validation of massively parallel cohesive finite element dynamic fracture simulations. We have presented an application to the case of dynamic fracture along weak planes. The inspiring guidelines in this effort are (1) an integrated design of the experiments and the simulations with the premise of avoiding unnecessary challenges to the simulation while probing the essential features, (2) direct one-to-one comparison based on a set of relevant predefined metrics, (3) avoidance of case-specific parameter-fitting to test for predictive ability, (4) reduction of uncertainty levels through independent experimental parameter determination (e.g. loading conditions and cohesive law).
The validation test is designed as a whole by accounting for the often conflicting requirements that experiment and numerical simulation place on each other. In a divide-andconquer strategy, we focus the validation test on the specific fracture event (unit process): dynamic crack propagation along weak planes. The validation test specifications derive from the following design considerations: (1) a brittle material to decouple fracture from constitutive response, (2) a photoelastic material to allow for real-time, full-field diagnostics based on dynamic photoelasticity in conjunction with high-speed photography, (3) a large enough sample to isolate fracture response in the field-ofview during the observation time from the elastic wave reflections from the sample boundaries, (4) a thin plate for an accurate two-dimensional simulation, (5) a sophisticated and carefully instrumented loading set-up to produce well-controlled and characterized loading pulses and reduce uncertainties in the simulation input data, (6) a combined experimental-numerical-analytical inversion technique for an accurate determination of the cohesive law, and (7) a massively parallel implementation to tackle the huge complexity of the resulting finite element model.
We have presented the results of the V&V test which include (1) the convergence analysis, (2) the analysis of the sensitivity of the model predictions to the functional shape of the cohesive law revealing no significant effect of the shape of the cohesive law for the present configuration, and (3) the excellent agreement in direct one-to-one comparisons of the experimental and the simulated records of the selected relevant metrics: crack tip position history, crack velocity history and crack initiation time. A perfect agreement of the latter is outstanding. 
